**(See the Major Article by Anywaine et al on pages 46--56.)**

The 2014 Ebola virus (EBOV) outbreak in West Africa caused 11 300 deaths and major socioeconomic disruption \[[@CIT0001]\]. In response to this international public health emergency, the global community hastened the clinical development of several candidate Ebola vaccines \[[@CIT0002]\]. Emerging data from various vaccine regimens provide encouraging evidence that vaccination to prevent EBOV disease is feasible. A 2-dose heterologous filovirus vaccine regimen has been under development at Janssen Vaccines and Prevention, in collaboration with other partners, including the Division of Microbiology and Infectious Diseases (DMID), National Institute of Allergy and Infectious Diseases, National Institutes of Health. In 2014, the development of a monovalent Ebola vaccine was accelerated. For this approach, which is described here, 2 vaccine candidates are used. The first vaccine is a recombinant, live, nonreplicating adenovirus serotype 26 vector (Ad26) expressing the EBOV glycoprotein (Ad26.ZEBOV). The second vaccine is a multivalent, replication-deficient modified vaccinia Ankara (MVA) vector expressing EBOV, Sudan virus, and Marburg virus glycoproteins and Tai Forest virus nucleoprotein (MVA-BN-Filo; Bavarian Nordic, Kvisgaard, Denmark). Both vaccines are being investigated in various phase 2/3 clinical studies as a 2-dose heterologous strategy.

The clinical program for Ad26.ZEBOV and MVA-BN-Filo heterologous 2-dose vaccination comprises four phase 1 trials (completed) and 7 ongoing phase 2/3 studies. Safety, tolerability, and immunogenicity of the vaccine are being comprehensively evaluated in a broad range of populations, including healthy adults, adults infected with human immunodeficiency virus (HIV), adolescents, and children ≥1 year of age. In the first-in-human study based in the United Kingdom, no vaccine-related serious adverse events (AEs) were reported. EBOV glycoprotein--specific immunoglobulin G responses were detected in 80% of participants (healthy volunteers) as early as 14 days after the first vaccination. Response levels increased further, with all participants exhibiting a binding antibody response 21 days after dose 2. Vaccine-induced immune responses persisted to 1 year \[[@CIT0003], [@CIT0004]\].

Here we present results of the phase 1 VAC52150EBL1003 study (clinical trials registration NCT02376426), which was performed in an African population in urban Nairobi, Kenya, to characterize the safety, tolerability, and immunogenicity of heterologous, 2-dose regimens involving Ad26.ZEBOV- and MVA-BN-Filo--based vaccines. Findings at dosing intervals of 28 and 56 days were compared, and the durability of the immune responses over 12 months was assessed. This study was conducted as a precursor to the VAC52150EBL1004 study, which was performed in 2 mid-level--altitude, malaria-endemic settings (described by Anywaine et al \[[@CIT0005]\]).

METHODS {#s1}
=======

Study Population {#s2}
----------------

Healthy volunteers aged 18--50 years and living in Kenya were eligible to participate. Recruited participants were local to the study center, living in the relatively high-altitude, urban setting of Nairobi, which generally has a lower incidence of malaria than the rest of Kenya.

Exclusion criteria included (but were not limited to): prior vaccination with a candidate Ebola vaccine or any other Ad26.ZEBOV- or MVA-BN-Filo--based vaccine; diagnosis of EBOV disease or exposure to EBOV, including travel to West Africa during the preceding 12 months; history of anaphylaxis or other serious adverse reactions to vaccines or vaccine products; chronic medical conditions that required medication or were not adequately controlled and significant acute or chronic infective conditions (eg, infection with HIV, hepatitis B virus, or hepatitis C virus). Women who were pregnant or breastfeeding were also excluded. Eligible participants had safety laboratory parameters (determined by chemistry analysis, hematologic analysis, and urinalysis) within institutional normal ranges.

Study Design {#s3}
------------

This phase 1, randomized, placebo-controlled, observer-blinded, single-center study (clinical trials registration NCT02376426) was conducted at the Kenya AIDS Vaccine Initiative Institute of Clinical Research, University of Nairobi, from 1 April 2015 to 21 June 2016. The Nairobi study site is an urban area of Kenya with no endemic malaria, located at an altitude of around 1700 m. The protocol and study documents were reviewed and approved by the local ethics committee and the Kenyan regulatory authority. The trial was conducted in accordance with the principles of good clinical practice and the Declaration of Helsinki. All participants gave formal, written consent before undergoing any trial-related procedure. The study used stringent eligibility criteria, assessed by travel and medical history, to check whether subjects were preexposed to EBOV. However, participants were not specifically tested for previous exposure to EBOV. Following a ≤28-day screening period for eligible subjects, participants were randomized to receive one of 4 vaccination schedules ([Figure 1](#F1){ref-type="fig"}). First vaccination (dose 1) was administered at baseline (day 1; Ad26.ZEBOV or MVA-BN-Filo), followed by second vaccination (dose 2) with the alternate vaccine after either 28 or 56 days. Each vaccination schedule had a placebo comparator group. All vaccines were administered intramuscularly into the deltoid muscle. Ad26.ZEBOV was given in doses of 0.5 mL, each containing 5 × 10^10^ viral particles. Each dose of MVA-BN-Filo (0.5 mL) comprised 1 × 10^8^ 50% tissue culture infectious doses.

![VAC52150EBL1003 study design. Ad26, Ad26.ZEBOV; MVA, MVA-BN-Filo; TCID~50~, 50% tissue culture infectious doses; vp, virus particle.](jiz071f0001){#F1}

Randomization and Masking {#s4}
-------------------------

Participants were randomized centrally, using a computer-generated block randomization schedule with randomly permuted blocks and an interactive web response system. Participants and most study personnel were blinded to active/placebo vaccine allocation until the last participant attended the visit on day 21 after the second vaccination or discontinued participation in the study. A small team of unblinded study personnel was responsible for study vaccine preparation but had no other involvement in study procedures or assessments.

Objectives {#s5}
----------

The primary objective was to assess safety and tolerability as expressed by the number of participants with AEs. The main secondary outcomes were EBOV glycoprotein--specific humoral and cellular immune responses induced by the vaccine regimens.

Safety and Tolerability Assessments {#s6}
-----------------------------------

Participants were observed for 1 hour after vaccination, and any immediate AEs were recorded. Subsequent local and systemic solicited AEs were recorded by diary card for 7 days following each vaccination. Unsolicited AEs were collected for 28 days following each vaccination. All AEs were graded according to the DMID toxicity table for use in trials enrolling healthy adults \[[@CIT0006]\]. Blood safety parameters were measured before study vaccination and 7 days after each vaccination; the troponin I level was additionally assessed 3 days after each vaccination. Abnormal laboratory findings that were clinically significant or classified as grade 3, according to Food and Drug Administration laboratory toxicity grading, were reported as AEs. Twelve-lead electrocardiography was performed at screening and 3 days after each vaccination. AEs of special interest were as follows: any cardiac sign or symptom, clinically significant electrocardiogram changes, or increased troponin I levels (ie, ≥0.06 µg/L). Troponin I levels were of interest because of concerns with early generation MVA-BN--based vaccines.

Immunogenicity Assessments {#s7}
--------------------------

Immune responses to the study vaccine regimens were measured using serum samples collected before each vaccination, 7 days after each vaccination, and 21 days after the second vaccination. Participants who received vaccines with a 56-day interval had an additional blood specimen collected 28 days after the first vaccination. Long-term follow-up samples were collected in all groups at days 180, 240, and 360.

Total immunoglobulin G responses against EBOV glycoprotein were analyzed using the EBOV Glycoprotein (Kikwit) FANG Enzyme-Linked Immunosorbent Assay (ELISA; Q2 Solutions) as described previously \[[@CIT0003]\]. The neutralizing activity of vaccine-induced antibody responses was assessed using the EBOV glycoprotein (Makona) Pseudovirus Neutralizing Antibody Assay (Monogram Biosciences; San Francisco, CA). This assay is an adaptation of the Monogram PhenoSense HIV Neutralizing Antibody Assay \[[@CIT0007], [@CIT0008]\]. Briefly, EBOV glycoprotein and a luciferase reporter gene expressing pseudovirions are mixed with a serially diluted serum sample. After incubation, the sample is transferred to a HEK293 cell monolayer. Luciferase expression is used as a measure of pseudovirion infection.

Frozen peripheral blood mononuclear cell samples were analyzed with an intracellular cytokine staining (ICS) assay at the HIV Vaccine Trials Network Laboratory (Seattle, WA) \[[@CIT0003], [@CIT0009]\].

Data Analysis and Statistics {#s8}
----------------------------

This phase 1 study was conducted to provide a preliminary safety and immunogenicity assessment, with no formal sample size calculation. The primary analysis set for safety (ie, the full analysis set) included all participants who were randomized and received at least 1 dose of study vaccine, regardless of protocol deviations. The primary analysis set for immunogenicity included all randomized and vaccinated participants with immunogenicity data at baseline and at least 1 postvaccination immunogenicity measurement.

Safety and immunogenicity data were analyzed using descriptive statistics for continuous variables and were tabulated for discrete variables. The frequencies of local and systemic solicited AEs and unsolicited AEs were reported as the percentage per dose of active vaccine or placebo.

Immunogenicity data are presented in the same way as in a previous phase 1 study \[[@CIT0003], [@CIT0004]\]. Antigen-specific binding immunoglobulin G responses and neutralizing antibody activity are shown as geometric mean concentrations (GMCs) and geometric mean titers, respectively, with 95% confidence intervals (CIs). Humoral immune response values were log~10~ transformed, and these values were used throughout the analyses. Medians and interquartile ranges, with background subtracted, are reported for the total CD4^+^ and CD8^+^ T-cell responses from ICS assays, expressed as the percentage of T-cell subsets (CD4^+^ and CD8^+^) that produce any of 3 cytokines (interferon γ, tumor necrosis factor α, and interleukin 2). ICS was interpreted as positive if the probability of expressing cytokines was statistically different (by the Fisher exact test) between the antigen and the pooled negative controls for at least 1 antigen (peptide pools 1 or 2). All values below the lower limit of quantification (LLOQ) were substituted with half the LLOQ (ie, 13.11 ELISA units \[EU\]/mL for ELISA, a 50% inhibitory concentration (IC~50~) of 60 for VNA, and 0.02% of T-cell subsets for background-subtracted ICS results).

A participant was defined as a responder, based on ELISA, VNA, or ICS findings, at each time point after baseline if the test result was negative at baseline and positive after baseline or if a test result that was positive at baseline was followed by a result that increased by at least a 3-fold. Responses in placebo recipients were low or not quantifiable and are therefore not described in Results.

All statistical analysis was done using SAS, version 9.2. Given the small sample sizes in each vaccination group and minimal evidence available regarding statistical hypothesis testing, no formal statistical testing of safety data or immune responses was planned or performed.

RESULTS {#s9}
=======

The study was initiated in March 2015 and completed in September 2016. Seventy-two healthy adult volunteers were recruited and randomized among 4 groups of 18 (15 receiving vaccine and 3 receiving placebo). Participants' baseline characteristics are shown in [Table 1](#T1){ref-type="table"}. In the overall population, there were 23 females (31.9%), the median age was 25 years (range, 18--45 years), and the median body mass index (calculated as the weight in kilograms divided by the height in meters squared) was 22.6 (range, 16.5--34.0).

###### 

Baseline Characteristics of the Full Analysis Set

  Characteristic                   Dose 2 at Day 28                                            Dose 2 at Day 56                        
  -------------------------------- ------------------- ------------------- ------------------- ------------------- ------------------- -------------------
  Sex                                                                                                                                  
  Female                           6 (40)              3 (20)              3 (50)              4 (26.7)            4 (26.7)            3 (50)
  Male                             9 (60)              12 (80)             3 (50)              11 (73.3)           11 (73.3)           3 (50)
  Age, y                           27 (18--38)         25 (18--41)         32.5 (23--45)       25 (18--34)         24 (20--29)         23.5 (18--28)
  Black or African American race   15 (100)            15 (100)            15 (100)            15 (100)            15 (100)            15 (100)
  Body mass index^a^               22.7 (18.7--30.9)   23.8 (19.0--29.0)   22.7 (19.9--31.6)   21.9 (16.5--29.9)   21.8 (17.4--34.0)   24.1 (18.4--31.8)

Data are no. (%) of participants or median value (range).

^a^Calculated as the weight in kilograms divided by the height in meters squared.

Safety and Tolerability {#s10}
-----------------------

Solicited local and systemic AEs are shown in [Tables 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}, respectively, for placebo, MVA-BN-Filo, and Ad26.ZEBOV (whether administered as the first or second vaccination). Solicited AEs following MVA-BN-Filo and Ad26.ZEBOV were generally mild to moderate in severity. No differences in AE patterns were seen with the different vaccine sequences or intervals. The most frequently reported solicited local AE was injection-site pain ([Table 2](#T2){ref-type="table"}). No cases of injection-site erythema, induration, or swelling were reported. No grade 3 solicited local AEs were reported with MVA-BN-Filo, while 1 vaccination with Ad26.ZEBOV elicited grade 3 injection site pain, pruritus, and warmth (the participant was receiving treatment for concurrent clinical malaria). The same participant reported grade 3 solicited systemic AEs of fatigue, headache, and chills. The most frequently reported solicited systemic AEs were headache, fatigue and myalgia ([Table 3](#T3){ref-type="table"}). Solicited local and systemic AEs were generally short-lived, with median durations between 1 and 3 days. The median time to onset was 1--2 days.

###### 

Solicited Local Adverse Events (AEs) Following First and Second Dose Vaccination With Standard Doses of Ad26.ZEBOV (Ad26) and MVA-BN-Filo (MVA)

  -------------------------------------------------------------
  AE, Severity                 MVA\       Ad26\      Placebo\
                               (n = 60)   (n = 59)   (n = 24)
  ---------------------------- ---------- ---------- ----------
  Any                                                

  Any                          48 (80)    38 (64)    11 (46)

  Grade 1                      40 (67)    32 (54)    10 (42)

  Grade 2                      8 (13)     5 (9)      1 (4)

  Grade 3                      0          1 (2)      0

  Injection site pain                                

  Any                          47 (78)    37 (63)    8 (33)

  Grade 1                      39 (65)    32 (54)    8 (33)

  Grade 2                      8 (13)     4 (7)      0

  Grade 3                      0          1 (2)      0

  Injection site pruritus^a^                         

  Any                          10 (17)    10 (17)    2 (8)

  Grade 1                      10 (17)    9 (15)     2 (8)

  Grade 2                      0          1 (2)      0

  Injection site warmth                              

  Any                          13 (22)    18 (31)    6 (25)

  Grade 1                      13 (22)    15 (25)    5 (21)

  Grade 2                      0          2 (3)      1 (4)

  Grade 3                      0          1 (2)      0
  -------------------------------------------------------------

Data are no. (%) of doses and reflect pooled first and second dose vaccination data from all 4 vaccination regimens.

^a^No grade 3 AEs were reported.

###### 

Solicited Systemic Adverse Events (AEs) Following First and Second Dose Vaccination With Standard Doses of Ad26.ZEBOV (Ad26) and MVA-BN-Filo (MVA)

  ------------------------------------------------------------
  AE, Severity                MVA\       Ad26\      Placebo\
                              (n = 60)   (n = 59)   (n = 24)
  --------------------------- ---------- ---------- ----------
  Any                                               

  Any                         41 (68)    44 (75)    14 (58)

  Grade 1                     28 (47)    30 (51)    13 (54)

  Grade 2                     13 (22)    13 (22)    1 (4)

  Grade 3                     0          1 (2)      0

  Headache                                          

  Any                         30 (50)    36 (61)    10 (42)

  Grade 1                     22 (37)    26 (44)    9 (38)

  Grade 2                     8 (13)     9 (15)     1 (4)

  Grade 3                     0          1 (2)      0

  Fatigue                                           

  Any                         26 (43)    27 (46)    8 (33)

  Grade 1                     23 (38)    21 (36)    7 (29)

  Grade 2                     3 (5)      5 (9)      1 (4)

  Grade 3                     0          1 (2)      0

  Myalgia^a^                                        

  Any                         19 (32)    17 (29)    4 (17)

  Grade 1                     16 (27)    11 (19)    4 (17)

  Grade 2                     3 (5)      6 (10)     0

  Arthralgia^b^                                     

  Any                         13 (22)    18 (31)    4 (17)

  Grade 1                     12 (20)    15 (25)    4 (17)

  Grade 2                     1 (2)      3 (5)      0

  Chills^a^                                         

  Any                         6 (10)     16 (27)    1 (4)

  Grade 1                     6 (10)     13 (22)    1 (4)

  Grade 2                     0          2 (3)      0

  Grade 3                     0          1 (2)      0

  Nausea^a^                                         

  Any                         5 (8)      10 (17)    4 (17)

  Grade 1                     5 (8)      8 (14)     4 (17)

  Grade 2                     0          2 (3)      0

  Pruritus (generalized)^a^                         

  Any                         5 (8)      7 (12)     1 (4)

  Grade 1                     4 (7)      5 (9)      1 (4)

  Grade 2                     1 (2)      2 (3)      0

  Vomiting^a^                                       

  Any                         5 (8)      5 (9)      1 (4)

  Grade 1                     5 (8)      4 (7)      1 (4)

  Grade 2                     0          1 (2)      0

  Pyrexia^a,c^                                      

  Any                         3 (5)      7 (12)     0

  Grade 1                     0          5 (9)      0

  Grade 2                     3 (5)      2 (3)      0

  Rash^a^                                           

  Any                         3 (5)      1 (2)      1 (4)

  Grade 1                     3 (5)      0          1 (4)

  Grade 2                     0          1 (2)      0
  ------------------------------------------------------------

Data are no. (%) of doses and reflect pooled first and second dose vaccination data from all 4 vaccination regimens.

^a^No grade 3 AEs were reported.

^b^No grade 2 or 3 AEs were reported.

^c^Grade 1 pyrexia, ≥37°C; grade 2, ≥38.5°C; and grade 3, ≥40.0°C.

Unsolicited AEs 28 days after vaccination were reported by 87% of volunteers when MVA-BN-Filo was administered first, by 67% of volunteers when Ad26.ZEBOV was administered as the first vaccination, and by 67% after receipt of placebo. The most frequent unsolicited AE was upper respiratory tract infection, regardless of the regimen or study vaccine. Grade 3 abnormal laboratory findings, reported as unsolicited AEs, were reported by 4 participants after receiving Ad26.ZEBOV as the first vaccination (3 had a lower hemoglobin level than at baseline, and 1 had a lower platelet count than at baseline), by 1 after receiving MVA-BN-Filo as the second vaccination (a lower neutrophil count than at baseline), and by 1 after receiving a second vaccination with placebo (a lower hemoglobin level than at baseline). Only the grade 3 decrease in the neutrophil count was considered to be related to the study vaccine.

AEs of special interest were reported as follows. One volunteer had an asymptomatic grade 1 electrocardiographic T-wave inversion following MVA-BN-Filo dose 2. This was considered possibly related to the vaccine and resolved without intervention. Two volunteers who received Ad26.ZEBOV as the first dose experienced an increased troponin I level, to 0.07 and 0.08 µg/L (normal value, \<0.03 µg/L), but no associated clinical manifestations were observed.

No vaccine-related serious AEs were reported. In the MVA-BN-Filo, Ad2.ZEBOV 0, 56 regimen, 1 participant discontinued participation after first vaccination, owing to an AE (wheezing, a grade 1 unsolicited AE). Four participants had malaria during the study (all were in the Ad26.ZEBOV dose 1 groups; 1 was in the group with a 28-day interval, and 3 were in the group with a 56-day interval).

Immunogenicity {#s11}
--------------

### Binding-Antibody Responses {#s12}

In the Ad26.ZEBOV, MVA-BN-Filo groups, the percentage of participants with an antigen-specific binding-antibody response reached 93% (in the group with a 28-day interval) and 100% (in the group with a 56-day interval) at the time of the second vaccination. Twenty-one days following the second vaccination with MVA-BN-Filo, 100% of participants in both interval groups were responders, with GMCs increasing to 5156 and 16 341 EU/mL for the 28- and 56-day regimens, respectively ([Figure 2A](#F2){ref-type="fig"}).

![Anti--Ebola virus glycoprotein immunoglobulin G binding antibody responses (detected by enzyme-linked immunosorbent assay \[ELISA\]) binding antibody responses (*A*) and virus neutralizing antibody (VNA) responses (*B*) following dose 1 vaccination with Ad26.ZEBOV (Ad26) or MVA-BN-Filo (MVA) and heterologous dose 2 vaccination with MVA or Ad26 on day 29 or day 57, 21 days after dose 2. Data are geometric mean concentration (GMC), for ELISA, and geometric mean 50% inhibitory concentration (IC~50~), for VNA analysis. Error bars represent 95% confidence intervals. NA, not applicable.](jiz071f0002){#F2}

For the MVA-BN-Filo, Ad26.ZEBOV groups, 40% (in the group with a 28-day interval) and 60% (in the group with a 56-day interval) of participants generated binding-antibody responses at the time of the second vaccination. At 21 days after Ad26.ZEBOV dose 2 vaccination, the percentage of responders increased to 100% with the 28-day interval and to 93% with the 56-day interval. GMCs increased over time to 8613 and 15 308 EU/mL for the 28-day and 56-day intervals, respectively ([Figure 2A](#F2){ref-type="fig"}**).**

In all vaccine regimens, a decline in antibody concentrations was observed between their peak after the second vaccination and the 6-month period after dose 1, reaching a stable level that was sustained to day 360 after dose 1 for all regimens ([Figure 3A](#F3){ref-type="fig"}). At day 360, responder rates ranged from 93% to 100% across all regimens, with GMCs ranging from 403 to 613 EU/mL.

![Durability of anti--Ebola virus glycoprotein immunoglobulin G binding (*A*) and neutralizing (*B*) antibody responses following dose 1 vaccination with Ad26.ZEBOV (Ad26) or MVA-BN-Filo (MVA) and heterologous dose 2 vaccination with MVA or Ad26 on day 29 or day 57. Data are geometric mean values; error bars represent 95% confidence intervals. ELISA, enzyme-linked immunosorbent assay; IC~50~, 50% inhibitory concentration.](jiz071f0003){#F3}

### Virus-Neutralizing Antibody Responses {#s13}

In the Ad26.ZEBOV, MVA-BN-Filo groups, 93% (for the 28-day interval group) and 100% (for the 56-day interval group) of participants demonstrated neutralizing antibody responses 21 days after dose 2, with a geometric mean IC~50~ of 6555 in the 56-day regimen ([Figure 2B](#F2){ref-type="fig"}).

In the MVA-BN-Filo, Ad26.ZEBOV groups, neutralizing antibody responses were observed 21 days after dose 2 in 93% of participants. Geometric mean IC~50~ values reached 669 and 3169 twenty-one days after vaccination for the 28-day and 56-day interval groups, respectively ([Figure 2B](#F2){ref-type="fig"}).

With all regimens, the magnitude of the responses declined by day 180 after dose 1 but remained stable thereafter to day 360 ([Figure 3B](#F3){ref-type="fig"}).

### CD8^+^ T-Cell Responses {#s14}

The frequency of participants with a CD8^+^ T-cell response (as measured by ICS) tended to be low, with the highest frequency, (responder rate) 27%, detected in both Ad26.ZEBOV, MVA-BN-Filo groups after MVA-BN-Filo vaccination ([Figure 4A](#F4){ref-type="fig"}). For those in the Ad26.ZEBOV, MVA-BN-Filo groups who responded, response levels were robust, with individual values ranging from 0.084% to 0.29% in the 28-day interval group and 0.16%--1.46% in the 56-day interval group. Of the 8 individuals in the Ad26.ZEBOV, MVA-BN-Filo groups with a CD8^+^ T-cell response 21 days after dose 2, 6 remained responders at day 240 after dose 1 (of whom, 3 continued to have a response until day 360 after dose 1).

![Median CD8^+^ T-cell responses (*A*) and CD4^+^ T-cell responses (*B*) following first dose vaccination with Ad26.ZEBOV (Ad26) or MVA-BN-Filo (MVA) and heterologous second dose vaccination with MVA or Ad26 on day 29 or day 57.](jiz071f0004){#F4}

### CD4^+^ T-Cell Responses {#s15}

Twenty-one days after the second vaccination, robust CD4^+^ T-cell responses (as measured by ICS) were observed for the Ad26.ZEBOV, MVA-BN-Filo groups, with median responses peaking at 0.16% for the 56-day interval group and 0.14% for the 28-day interval group. At this time point, response frequencies among participants in both Ad26.ZEBOV, MVA-BN-Filo groups were 60% ([Figure 4B](#F4){ref-type="fig"}). CD4^+^ T-cell responses declined but remained detectable until days 180 and 360 in the Ad26.ZEBOV, MVa-BN-Filo 28-day and 56-day interval groups, respectively.

In the MVA-BN-Filo, Ad26.ZEBOV groups, CD4^+^ T-cell responses were observed in 31% and 40% of participants 21 days after dose 2 for the 28-day and 56-day regimens, respectively ([Figure 4B](#F4){ref-type="fig"}). CD4^+^ T-cell responses declined but remained detectable for the 28-day and 56-day interval groups until days 240 and 180, respectively. In both MVA-BN-Filo, Ad26.ZEBOV groups, the highest median response was approximately half the value observed in the Ad26.ZEBOV, MVA-BN-Filo groups.

The majority of CD4^+^ and CD8^+^ T-cell responses were polyfunctional, with most T cells producing 2 or 3 of the investigated cytokines (interferon γ, interleukin 2, and/or tumor necrosis factor α).

DISCUSSION {#s16}
==========

The severity of the outbreak in 2014 highlighted an urgent need for protection against EBOV and triggered accelerated development of a heterologous 2-dose vaccination regimen that used AdVac and MVA-BN technologies based on proof-of-concept data in nonhuman primates \[[@CIT0010], [@CIT0011]\]. This phase 1, randomized study has demonstrated that heterologous Ad26.ZEBOV- and MVA-BN-Filo--vectored Ebola vaccination regimens are well tolerated and highly immunogenic in healthy Kenyan adult volunteers, regardless of the vaccination interval or sequence. A long-term humoral immune response was shown by high levels of binding and neutralizing anti-EBOV glycoprotein antibodies and persisted to day 360 after all vaccination regimens.

The favorable safety and tolerability data are consistent with previously published results with Ad26.ZEBOV and MVA-BN-Filo 2-dose vaccination \[[@CIT0003], [@CIT0012]\]. Phase 1 studies performed in the United Kingdom and United States also reported a favorable safety profile with the Ad26.ZEBOV and MVA-BN-Filo 2-dose approach \[[@CIT0003], [@CIT0012]\]. Solicited local AEs were mostly mild to moderate in severity and of short duration, and the most frequently reported solicited local AE was injection site pain. The most commonly observed solicited systemic AEs observed in this trial were headache, fatigue, and myalgia (which were of grade 1 or 2 in severity and transient), as observed previously \[[@CIT0003]\], and fever, a common symptom of EBOV, was not a prevalent solicited systemic AE. No vaccine-related serious AEs were reported in this African study or in the United Kingdom and US studies \[[@CIT0003], [@CIT0012]\].

The present study demonstrated that heterologous vaccine regimens based on Ad26.ZEBOV and MVA-BN-Filo induced robust binding and neutralizing antibody responses against EBOV glycoprotein. Responses persisted at least up to 1 year after the first vaccination, regardless of sequence or the dosing interval (28 vs 56 days) in urban Nairobi. Efficacy data with Ad26.ZEBOV and MVA-BN-Filo are not yet available in humans, but nonhuman primate EBOV challenge studies have shown a strong correlation between binding antibody responses and survival after challenge with EBOV \[[@CIT0013]\]. Cellular immune responses in the current study were variable, with the Ad26.ZEBOV, MVA-BN-Filo regimens producing more-robust responses than the reversed sequence.

The finding that Ad26.ZEBOV first dose vaccination induced more-robust antibody and T-cell responses prior to the second vaccination than MVA-BN-Filo first dose vaccination is consistent with previous phase 1 data \[[@CIT0003]\]. The immunogenicity results of this study demonstrated that the second vaccination elicited a robust and sustained effect, in line with previous observations \[[@CIT0003]\].

The CD8^+^ T-cell responses in this African population differ from those in the United States and European populations, but because of the small number of subjects in these studies it is not possible to draw firm conclusions. Such observations have been made with vaccines against other infectious diseases and may be related to differences in the pathogens to which individuals are exposed during everyday life \[[@CIT0014]\]. In contrast to this, CD4^+^ T-cell responses detected in this African study were comparable to the responses determined in the FIH study in the United Kingdom \[[@CIT0003]\].

EBOV outbreaks in 2017 and 2018 in the Democratic Republic of the Congo highlighted the necessity for preparedness for future outbreaks \[[@CIT0019], [@CIT0020]\]. Vaccination could be a key element of future protection against the virus \[[@CIT0002], [@CIT0021], [@CIT0022]\]. The features of an ideal vaccine depends on the identity of the virus is currently circulating in the population and with respect to the characteristics of the target population \[[@CIT0023]\], and \>1 vaccine may be required. A ring vaccination strategy, with a single-dose vaccine and rapid onset, can be deployed in an outbreak setting in an effort to contain the outbreak \[[@CIT0019], [@CIT0024]\]. The recombinant vesicular stomatitis virus--based Ebola vaccine (rVSV-ZEBOV) has now been recommended for use in emergency settings \[[@CIT0028]\]. However, a broader preventive vaccination campaign that could be based on a heterologous 2-dose strategy may potentially confer long-lasting immunity \[[@CIT0023], [@CIT0026], [@CIT0029]\] and as such may be used in response to an outbreak, as well as in a prophylactic strategy. In addition to protecting individuals at risk of exposure to the virus, there is evidence that vaccination may prevent sexual and vertical transmission of EBOV \[[@CIT0030], [@CIT0031]\]. Population-wide vaccination or vaccination of high-risk populations is generally considered preferable to more narrowly focused approaches because it reduces the risk of an outbreak being reignited and because survivors are less likely to be stigmatized, owing to a reduced fear of infection in the general population \[[@CIT0023], [@CIT0032], [@CIT0033]\].

Strengths of this study included the long follow-up period and characterization of the vaccine-induced immune responses at both the humoral and cellular levels. The main limitation was the small number of participants in each study arm.

In conclusion, this study shows that 2-dose heterologous vaccination with Ad26.ZEBOV and MVA-BN-Filo was well tolerated and conferred durable immune responses to EBOV in healthy African volunteers for up to 360 days. Ad26.ZEBOV and MVA-BN-Filo vaccine regimens are being assessed further in larger studies and could potentially play a role in the containment or prevention of future EBOV outbreaks.

Supplementary Data {#s17}
==================

Supplementary materials are available at *The Journal of Infectious Diseases* online. Consisting of data provided by the authors to benefit the reader, the posted materials are not copyedited and are the sole responsibility of the authors, so questions or comments should be addressed to the corresponding author.

###### 

Click here for additional data file.

###### 

Click here for additional data file.
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